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Engineering  of  polymeric  materials  at  the  molecular  level  [1-7]  for  the  purpose  of 
modifying  gas  transport  properties  has  led  to  improved  gas  separation  membranes  and 
certain  levels  of  understanding  of  the  relative  importance  of  chain  packing  and  chain 
segment  mobility  [3],  Morphological  engineering  is  another  method  used  to  influence  gas 
transport  in  polymers;  skin  layers  [8]  and  morphology  orientation  [9]  can  lead  to 
membranes  with  advantageous  gas  barrier  and  selectivity  propenies.  In  all  of  these 
examples  the  materials  are  nonporous  and  the  gas  transport  occurs  by  a  solution-diffusion 
mechanism  in  the  bulk  polymer;  selectivity  for  the  permeation  of  one  gas  versus  another 
depends  on  both  a  'solubility  selectivity'  and  a  'mobility  (diffusivity)  selectivity'. 

The  separation  properties  of  a  polymer  membrane  can  also  be  altered  by  changing 
the  mechanism  of  gas  transport.  Flow  through  a  porous  membrane  could  be  used  to 
separate  gases  instead  of  the  solution  -  diffusion  process  of  dense  polymers.  If  the  mean 
free  path  of  a  gas  molecule  is  much  larger  than  the  pore  diameter,  the  gas  flux  is  limited  by 
the  wall  'resistance'  and  not  by  molecular  collisions.  This  porous  flow  regime  is  known  as 
Knudsen  diffusion  [10];  the  separation  characteristics  of  a  porous  membrane  through 
which  gas  transport  is  controlled  by  Knudsen  diffusion  can  be  estimated  from  the  kinetic 
theory  of  gases.  The  Knudsen  diffusion  coefficient  in  a  straight  cylindrical  pore  can  be 
expressed  as  [9]: 

Dk  =  9700*re*(T/M)O-5  (  1  ) 

with  rg  =  pore  radius,  T  =  temperature,  M  =  molecular  weight  of  the  diffusing  gas,  and  Dk 
is  the  Knudsen  diffusion  coefficient.  When  the  flux  is  controlled  by  Knudsen  diffusion, 
selectivity  becomes  independent  of  the  flux  and  depends  on  the  inverse  ratio  of  the  square 
root  of  the  molecular  weights  of  the  two  gases. 

This  note  describes  the  changes  in  gas  transport  associated  with  the  formation  of  a 
microporous  polymer  structure  which  we  have  generated  from  a  heterogeneous  glassy 
block  copolymer.  The  morphology  of  the  microporous  structure  is  characterized  using 
SEM,  bubble  point  analysis  and  BET  N2  absorption.  Changes  in  the  ideal  separation  factor 
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are  measured  for  several  gas  pairs  at  various  stages  of  perfection  of  the  microporous 
structure;  a  transition  to  Knudsen  diffusion  is  identified  and  correlated  with  changes  in  the 
morphology. 

Block  Copolymer  Synthesis 

The  high  vacuum  and  inert  gas  system  previously  described  [11]  were  used  for  the 
reagent  purification  and  anionic  synthesis.  Standard  methods  were  employed  for  the 
purification  of  the  styrene  and  methyl  methacrylate  monomers  and  the  tetrahydrofuran 
solvent.  The  sequential  anionic  block  copolymer  synthesis  involved  the  polymerization  of 
the  styrene  block  in  THF  at  -78  °C  using  /i-BuLi  as  the  initiator.  After  complete 
conversion,  1,1-diphenylethylene  was  added  to  the  chain  ends  to  reduce  the  nucleophilicity 
of  the  styrene  carbanion  [12].  Then,  methyl  methacrylate  monomer  was  added  to  the  living 
chains  at  -78  °C,  polymerized  to  completion  and  terminated  with  methanol.  The  molecular 
weight  of  the  polystyrene  block,  determined  by  gel  permeation  chromatography,  was 
150,000  and  the  polydispersity  of  the  polystyrene-polymethylmethacrylate  block 
copolymer  (PS-b-PMMA)  was  1.2.  Proton  NMR  (  250  MHz )  of  PS-b-PMMA  revealed  a 
molar  composition  of  3 1%  PMMA. 

Formation  of  Microporous  Membranes 

Thin  films  (  0.2  mm  )  of  PS-b-PMMA  were  produced  by  casting  a  5%  (  w/w  ) 
solution  in  THF  onto  a  flat  polytetrafluoroethylene  surface  and  slowly  evaporating  the 
solvent  under  a  N2  purge.  The  static  cast  films  were  annealed  in  vacuum  for  24  hours  at 
100  °C  to  remove  any  solvent  and  stresses  remaining  from  the  casting  process. 
Transmission  electron  microscopy  [13]  of  microtomed  samples  revealed  a  microphase 
separated  morphology  of  PMMA  cylinders  with  a  diameter  of  200  A  in  a  continuous  matrix 
of  PS.  Staining  was  not  necessary  to  achieve  contrast  in  the  TEM  since  the  PMMA 
selectively  degrades  in  the  ela:tron  beam. 

A  PMMA-selective  solvent  crazing  process  was  employed  in  the  production  of  the 
microporous  stracture.  The  process  required  a  solvent  for  PMMA  which  was  a  nonsolvent 
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for  PS.  Mixtures  of  alcohols  and  water  satisfy  this  criterion  [14];  a  mixture  of  90% 
isopropanol,  10%  water  was  chosen  for  our  work.  PS-b-PMMA  films  were  immersed  in 
the  isopropanol/water  mixture  at  70°C  for  various  periods  of  time.  As  the  solvent  treatment 
proceeded,  the  brittle,  transparent  PS-b-PMMA  films  exhibited  remarkable  changes  in 
physical  appearance  and  properties;  they  became  opaque,  increased  in  weight  and  size  and 
became  quite  flexible,  resembling  ordinary  filter  paper.  The  weight  and  thickness  of  the 
film  both  increase  rapidly  at  early  exposure  times  (Figure  1)  and  eventually  level  off.  The 
extent  of  solvent  treatment  will  hereafter  be  referred  to  as  a  percentage  of  weight  gain,  %  W 
=  100  *  ((Wt  -  Wo)AVoo  -  Wo)  where  Wt  is  the  weight  of  the  film  at  a  specified  time  after 
immersion  in  the  solvent.  Wo  is  the  initial  weight  and  Wc*,  is  the  final  weight.  Solvent 
treated  films  attained  a  final  weight  tiptake  corresponding  to  2.7  times  Wo.  This  absorbed 
solvent  could  be  completely  removed  by  exposure  to  vacuum  for  24  hours  at  room 
temperature  leaving  a  porous  polymer  film  of  weight  Wo;  these  films  remained  in  the 
expanded  state  at  room  temperature,  but  they  readily  collapsed  to  the  original  thickness 
upon  annealing  for  4  hours  at  100°C. 

Dramatic  morphological  changes  were  observed  in  SEM  of  the  surface  (Figure  2) 
and  edge  (Figure  3)  views  of  a  PS-b-PMMA  film  solvent  treated  to  100%  W.  The  edge 
view  was  taken  from  a  sample  frozen  and  fractured  in  liquid  N2.  These  micrographs 
suggest  a  relatively  narrow  size  distribution  of  voids  incorporated  during  the  solvent 
treatment;  the  voids  appear  to  be  about  500  A- 1000  A  in  diameter.  The  pores  were  also 
characterized  using  bubble  point  analysis  with  isopropanol  as  the  wetting  fluid,  and  these 
results  indicated  a  diameter  between  200  -  500  A  t  10%.  The  size  of  the  limiting 
constriction  through  the  film  which  is  probed  by  the  bubble  point  fluid  is  therefore  smaller 
than  the  pore  size  observed  in  the  SEM. 

The  surface  area  of  the  pores  in  the  solvent  treated  block  copolymers  can  be 
calculated  knowing  the  volume  fraction  of  the  pores  and  assuming  a  pore  diameter. 
Choosing  a  pore  diameter  of  1000  A  and  estimating  the  pore  volume  fraction  from  the 
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increase  in  film  dimensions  with  solvent  treatment  yields  a,  the  pore  surface  area  of  1 1.2 
m^/g.  This  is  significantly  smaller  than  the  specific  surface  area  of  41,2  m^/g  measured 
directly  using  the  N2  BET.  A  uniform  pore  diameter  of  270  A  would  be  required  to  match 
the  calculated  and  measured  surface  areas:  the  discrepancy  suggests  that  there  are  voids  in 
the  films  smaller  than  those  visible  in  the  SEM  which  are  accessible  by  N2  in  the  BET 
measurement. 

The  mechanism  for  the  formation  of  the  porous  morphology  involves  an  advancing 
sharp  front  in  the  early  stages  of  the  solvent  treatment.  The  front  is  clearly  visible  in  optical 
micrographs  of  edge  views  of  films  solvent  treated  to  various  extents  [13].  The  SEM  edge 
view  of  Figure  4  delineates  the  advancing  front  between  the  porous  and  nonporous 
material.  The  velocity  of  the  advancing  front  under  the  present  treatment  conditions, 
estimated  from  a  series  of  optical  micrographs,  is  about  300  nm/minute;  penetration  to  the 
center  of  the  film  occurs  at  a  solvent  treatment  near  25%  W.  Solvent  absorption  past  25% 
W  involves  an  expansion  of  the  porous  structure  ultimately  attaining  the  structure  seen  in 
Figure  3.  The  solvent  treatment  which  occurs  prior  to  the  penetration  of  the  front  through 
to  the  film  center  results  primarily  in  the  formation  of  new  pores,  while  subsequent  solvent 
treatment  primarily  involves  the  growth  and  coalescence  of  the  existing  pores. 

Gas  Transport 

Gas  permeability  coefficients  (P)  for  He,  Ar,  CO2,  and  CHj  were  measured  as  a 
function  of  solvent  treatment  at  25  °C  using  a  variable-volume  permeation  apparatus  [15]. 
Figure  5  displays  the  permeability  coefficients  for  Ar  and  CO2  as  a  function  of  solvent 
treatment.  There  is  a  large  increase  in  permeability  for  all  gases  at  a  treatment  level  of  10% 
W,  and  by  45%  W  the  permeability  coefficients  increased  five  orders  of  magnitude  beyond 
the  values  for  untreated  bulk  films.  Table  I  shows  the  ideal  separation  factors  for  He/Ar 
and  C02/Ar  as  a  function  of  solvent  treatment  as  well  as  those  predicted  assuming  gas 
transport  by  Knudsen  diffusion.  Based  on  these  selectivity  results,  the  mechanism 


5 


governing  the  gas  permeation  changes  from  transport  through  the  polymer  to  flow  through 
the  pores  near  a  solvent  treatment  of  10%  W. 

To  summarize,  controlled  solvent  crazing  of  a  microphase  separated  block 
copolymer  was  used  to  form  microporous  membranes  in  which  the  size  and  size 
distribution  of  the  pores  reflects  the  nature  of  the  starting  morphology.  Bubble  point 
analysis  determined  the  final  pore  size  to  be  200-500  A  in  diameter.  Gas  permeation 
measurements  on  the  porous  block  copolymer  displayed  a  five  order  of  magnitude  increase 
in  the  permeability  coefficient,  and  a  transition  to  a  selectivity  based  on  Knudsen  diffusion. 
The  solvent  treatment  produces  membranes  which  lose  some  but  not  all  of  the  selectivity  of 
the  bulk  film  (e.g.  a  reduction  from  about  15  for  He/Ar  in  bulk  to  about  3  for  the  fully 
porous  material).  However  there  is  a  very  favorable  increase  of  more  than  five  orders  of 
magnitude  in  the  overall  flux  (permeability)  which  accompanies  this  selectivity  reduction. 
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Table  I 


Ideal  Separation  in  Solvent  Treated  PSPMMA 


Measured 

Knudsen 

Solvent  treatment 

P.(Hel 

P(C02) 

P(Hsi 

P(C02) 

%W 

P(Ar) 

P(Ar) 

P(Ar) 

P(Ar) 

0 

15 

8.0 

3.2 

0.6 

7 

20 

5.1 

3.2 

0.6 

10 

3.2 

0.9 

3.2 

0.6 

25 

2.5 

0.9 

3.2 

0.6 

45 

3.1 

0.9 

3.2 

0.6 

8 


Figures 


1  Dependence  of  the  normalized  weight  gain,  W/W(o),  and  thickness 
increase,  L/L(o),  as  a  function  of  solvent  treatment  time.  Lateral 
dimensions  remained  essentially  uncharged. 

2.  Scanning  electron  micrograph  of  the  surface  of  a  film  treated  to  100%W. 
Scale  bar  corresponds  to  5fim. 

3.  Scanning  elecgron  micrograph  of  a  cryo-fracture  surface,  of  a  film  treated 
to  100%W.  View  is  perpendicular  to  that  of  Figure  2.  Scale  bar 
corresponds  to  Ipm. 

4.  SEM  of  a  cryo-fracture  surface  similar  to  Figure  3.  Film  treatment  is  less 
than  25%W.  The  advancing  front  between  porous  (right)  and  bulk  (left) 
material  is  visible  near  the  center  of  the  micrograph. 

5.  Dependence  of  gas  permeability  on  solvent  treatment  for  argon  and  carbon 
dioxide. 
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